Abstract. In observations of six binary millisecond pulsars with the Hubble Space Telescope, we have discovered white dwarf companions to PSRs J0034?0534, J1022+1001, J1713+0747, and J2019+2425 and improved photometry on PSRs J1640+2224 and J2145?0750. Three of the white dwarfs are among the coolest and oldest known. We have determined that the masses for the helium companions are consistent with the expectation based on the core mass of a progenitor that lled its Roche lobe. The cooling times for many of the white dwarfs are much less than the characteristic spin-down times, implying that the spin period at the end of the accretion stage was close to the current period. The initial spin periods calculated are used to place limits on the accretion rate at the end of the low-mass X-ray binary phase. The accretion rates are found to be over an order of magnitude less than the Eddington rate.
Introduction and Observations
Signi cant progress has been made recently in identifying companions to millisecond pulsars (MSPs). White dwarf companions have been detected optically for pulsars J0437?4715, J1012+5307, J1640+2224, and J2145?0750 (Bell, Bailes, & Bessell 1993; Danziger, Baade, & Della Valle 1993; Lorimer et al. 1995; Lundgren et al. 1996; Bell et al. 1995) . We report on new Hubble Space Telescope (HST) 1 optical observations of companions to six binary millisecond pulsars. From optical studies, the temperature, radius, and mass of the companion can be determined. The current characteristics of the companion yield insight into the past evolution of the binary system. A large sample of optically detected companions tests several aspects of the standard model for binary pulsar evolution: the initial spin period/magnetic eld relation from the accretion spin-up process, the orbital period/companion mass relation from Roche lobe over ow driven by nuclear evolution of the white dwarf progenitor (Rappaport et al. 1995, hereafter RPJ95) , and the ages from white dwarf cooling models.
In Table 1 the properties of the selected MSPs are listed (Taylor et al. 1995) . The distances (d) are estimated with 25% uncertainty from the dispersion of the radio signal using the Taylor & Cordes (1993) model for the density of the interstellar plasma. For some of the pulsars a better distance will eventually be determined from timing parallax (e.g. Camilo, Foster, & Wolszczan 1994) or from the apparent change in orbital period due to the doppler e ect from proper motion (Bell & Bailes 1996) . The spin-down times ( s ) have been corrected for proper motion e ects. The companion mass is estimated both from the median mass allowed by the mass function (m c;mfn ) and from the RPJ95 model for the core mass (m c;cor ) of a Roche-lobe lling giant star in the observed orbit.
The sources were imaged with the Planetary Camera (PC2) on HST. Integration times used for the 439 nm B, 555 nm V, and 814 nm I lters were 2100 s, 1000 s, and 800 s respectively. The positions of our sources have uncertainties of 1 00 due to the uncertainty in the o set between the PC2 and the Fine Guidance Sensors. We used the STSDAS and PHOT packages within IRAF for data reduction and calibration, following the steps in the HST Photometry Handbooks (Holtzman et al. 1995a; Whitmore 1995) . We used 4 pixel radius apertures and applied the aperture corrections of Holtzman et al. (1995) . Finally, we converted from the HST lter system to the standard Kron-Cousins BVRI-system.
Results and Conclusions
All six pulsar companions were detected in our HST observations. In Table 2 we have compiled the results. The absolute luminosity and V ? I and B ? V colors take into account the distance modulus (m ? M) from the pulsar dispersion distance and the reddening (E B?V ) and extinction from Burstein and Heiles (1982) . In all cases, the companion must be a white dwarf, because a main sequence star at the observed temperature and distance would be about four magnitudes brighter than the observed star. The temperature calibration of the colors and the bolometric correction (m b ?m I ) have been determined by Monet et al. (1992) and Bergeron, Saumon & Wesemael (1995) .
The mass (m 2 ) of each white dwarf has been inferred from the photometry. For assumed black body emission, the luminosity, temperature, and distance 2 imply a radius for the white dwarf, log(R=R ) = 1=5(42:31 ? m b ? 10 log T e ).
The radius in turn implies a mass through the well known white dwarf mass radius relation (Hamada & Salpeter 1961) . The largest uncertainty in the mass estimate comes from the 25% distance uncertainty. In most of the systems, the mass inferred from the optical observations agrees with the mass determined from the RPJ95 model or from the mass function, for distances consistent with the dispersion distance. Only PSR J1713+0747 requires a distance substantially di erent from the dispersion distance.
The age of the white dwarfs were determined from white dwarf cooling models. For the 3 more massive white dwarfs we use the carbon-oxygen models of Wood (1992) . Cooling times for the less massive helium dwarfs have been calculated by scaling the luminosity in Wood's models by m 5=7 2 =A where A is the atomic number of the stellar matter. For all but PSRs J0034?0534 and J1713+0747, the cooling time is much less than the spin-down time of the pulsar, indicating that the initial spin period of the pulsar was close to the current period. The body of evidence from white dwarf cooling now indicates that MSP spin-down times should not be used as ages for the systems, but rather only as upper limits to the age. However, we reject the earlier hypothesis that many MSPs may be an order of magnitude or more younger than the age of the Galaxy, as suggested in earlier work (Lorimer et al. 1995) , based on nding one white dwarf a factor of 20 younger than its spin-down time. Quite to the contrary, we nd that the distribution of MSP ages is consistent with a uniform distribution stretching nearly to the age of the Galaxy ( 10 Gyr).
Assuming a magnetic dipole spin-down rate, we have estimated the initial spin periods for the pulsars with cooling times much smaller than spin-down times. Bhattacharya and van den Heuvel (1991) 
